The purpose of a r e s e a r c h study reported i n t h i s paper was t o provide a framework and methodology f o r long term p r o j e c t i o n of demand f o r a v i a t i o n f u e l s . n a t i o n of some of t h e fundamental problems of p r e d i c t i n g long run f u t u r e s . taken includes t w o basic components. The f i r s t was a new technique f o r e s t a b l i s h i n g t h e socioeconomic environment w i t h i n which t h e f u t u r e a v i a t i o n i n d u s t r y is embedded. The concept u t i l i z e d w a s a d e f i n i t i o n of a n o v e r a l l societ a l o b j e c t i v e f o r t h e very long run f u t u r e . Within a framework so defined, a set of s c e n a r i o s by which t h e f u t u r e w i l l unfold a r e then w r i t t e n . These s c e n a r i o s provide t h e determinants of t h e a i r t r a n s p o r t i n d u s t r y operations and accordingly provide an assessment of f u t u r e f u e l requirements.
methodology f o r long term p r o j e c t i o n of demand f o r a v i a t i o n f u e l s . n a t i o n of some of t h e fundamental problems of p r e d i c t i n g long run f u t u r e s . taken includes t w o basic components. The f i r s t was a new technique f o r e s t a b l i s h i n g t h e socioeconomic environment w i t h i n which t h e f u t u r e a v i a t i o n i n d u s t r y is embedded. The concept u t i l i z e d w a s a d e f i n i t i o n of a n o v e r a l l societ a l o b j e c t i v e f o r t h e very long run f u t u r e . Within a framework so defined, a set of s c e n a r i o s by which t h e f u t u r e w i l l unfold a r e then w r i t t e n . These s c e n a r i o s provide t h e determinants of t h e a i r t r a n s p o r t i n d u s t r y operations and accordingly provide an assessment of f u t u r e f u e l requirements.
The second p a r t w a s t h e modeling of t h e i n d u s t r y i n terms of a n a b s t r a c t e d s e t of v a r i a b l e s t o r e p r e s e n t the o v e r a l l i n d u s t r y performance on a macro s c a l e . The model was v a l i d a t e d by t e s t i n g t h e d e s i r e d output v a r i ab l e s from t h e model with h i s t r o i c a l d a t a over the p a s t decades.
It required a c l o s e exami-
The approach
A METHODOLOGY FOR LONG RANGE PREDICTION OF A I R TRANSPORTATION THE PURPOSE OF THIS PAPER is t o r e p o r t t h e
r e s u l t s of a NASA sponsored r e s e a r c h program f o r development of a methodology f o r p r o j e c ting t h e long term requirements f o r f u t u r e a v i a t i o n f u e l s .
f u e l s r e q u i r e s c o n s i d e r a t i o n of a number of r e l a t e d areas. (See Fig. 1 ) The kind of f u e l and t h e magnitude of f u t u r e demand depends on t h e engine and airframe performance c h a r a c t e r i s t i c s of f u t u r e a i r c r a f t , t h e c h a r a c t e r i s t i c s of t h e a i r t r a n s p o r t system and t h e a v a i l a b i l i t y of f u t u r e a v i a t i o n f u e l s . A s depicted i n Figure I , t h e a i r c r a f t may be considered a s a component of a l a r g e r system--a i r transportation--which i n t u r n is a s u b s e t of t h e t r a n s p o r t a t i o n system. S i m i l a r l y , An i n t e g r a t e d study of f u t u r e a v i a t i o n * P r e s e n t e d a t t h e SAE I n t e r n a t i o n a l A i r Transp o r t a t i o n Meeting, C i n c i n n a t i , Ohio, May 20-22, 1980. a v a i l a b i l i t y , p r i c e , and t e c h n i c a l characteri s t i c s of a v i a t i o n f u e l f i t i n t o t h e o v e r a l l energy p i c t u r e of t h e f u t u r e . F i n a l l y a f u t u r e t r a n s p o r t a t i o n demand and energy requirements i n t e r a c t with and a r e impacted by many socio-economic v a r i a b l e s .
1.
produce new engines and new a i r c r a f t types req u i r e some means f o r p r e d i c t i n g very long term f u t u r e s . Decisions which are made now must be based on f u t u r e prospects of s u c c e s s f u l outcomes However, we cannot know t h e f u t u r e and o u t e x t r a p o l a t i o n of p a s t t r e n d s a s a means of f o r e c a s t i n g t h e f u t u r e i n e v i t a b i l i t y w i l l r e s u l t i n wide divergencies between pred i c t e d r e s u l t s and what r e a l l y w i l l come t o be. Witness, f o r example, previous p r o j e c t i o n s by w e l l recognized a u t h o r i t i e s of a i r l i n e transp o r t a t i o n (Fig. 2) . The e x t r a p o l a t i o n s shown a l l r e f l e c t a n exponentially i n c r e a s i n g v a r iance a s s o c i a t e d with f u t u r i t y .
It is indicat i v e o f t h e d i f f i c u l t y of t h e problems, that e i g h t d i f f e r e n t p r o j e c t i o n s made by t h e FAA, CAB, s e v e r a l a i r l i n e s and s e v e r a l a i r c r a f t manufacturers a l l f e l l within t h e dashed l i n e s of Fig. 2 .
Actual growth of a i r t r a n s p o r t f o r t h a t same s h o r t period of t e n years, 1962 t o 1976, f e l l o u t s i d e t h e range of a l l of them. The question then i s how can a methodology be developed f o r providing a view of t h e f u t u r e needed f o r decision-making i n t h e present i n the f a c e of an almost completely unknowable f u t u r e .
"E PROBLEM OF LONG RANGE PREDICTION
The long l e a d times needed t o develop and The s o l u t i o n t o this problem must be found by taking a new p e r s p e c t i v e of p r e d i c t i o n from t h a t of conventional f o r e c a s t i n g . Our approach is t o l i m i t f o r e c a s t s t o those v a r i a b l e s f o r which a very long experience and reasonably r e l i a b l e record of success a l r e a d y e x i s t s , s p e c i f i c a l l y , population and g r o s s n a t i o n a l product (GNP). Even f o r t h e s e major economic v a r i a b l e s , an assumption must be made t h a t t h e r e w i l l not be some kind of major human catastrophe. One aspect of long range g e n e r a l economic p r o j e c t i o n s t h a t should be recognized is t h e d i f f e r e n c e between t h e v a r i a n c e of t i m e and variance of r e s u l t .
It can reasonably be a s s e r t e d t h a t a c e r t a i n economic f u t u r e w i l l come t o be. However, t h e variance i n t h e time such an occurence i s f i n a l l y achieved can be q u i t e s i z e a b l e . Furthermore, t h e d i s t r i b u t i o n about t h e expected t i m e c e r t a i n l y w i l l not b e l i n e a r i n time. Probably l o g t i m e w i l l be a more meaningful measure.
(1)" with t i m e perception on a l o g s c a l e , t h e a c t u a l time frame may n o t be important. I f a given a s p i r a t i o n is achieved a t a l l whether i t takes 30 y e a r s o r 50 years, may n o t be s i g n if i c a n t i n making a present d e c i s i o n t o launch and R&D program f o r a new engine.
The a s p i r a t i o n approach can be i l l u s t r a t e d by r e f e r e n c e t o (Fig. 3) . The horizon f o r f o r e c a s t i n g t h e a i r t r a n s p o r t a t i o n system is n e c e s s a r i l y s h o r t because t h e divergence quickl y exceeds u s e f u l d e c i s i o n making bounds. However, t h e a s p i r a t i o n bounds determined by a f o r e c a s t of a much longer term horizon of t h e g e n e r a l economic environment a r e q u i t e narrow. Thus a s t h e f u t u r e unfolds w i t h i n t h e f o r e c a s t time frame, s p e c i a l e f f o r t s w i l l a lways become evident f o r r e d i r e c t i n g a c t i o n towards t h e long run a s p i r a t i o n . These a c t i o n boundaries w i l l tend t o converge i n c o n t r a s t from t h e d i v e r g e n t f o r e c a s t boundaries;
Given an economic environment t h a t f a l l s w i t h i n reasonable bounds over t h e very long range, such as f o r example, f i f t y y e a r s , i t becomes p o s s i b l e t o d e s c r i b e t h e kind of f u t u r e f o r which t h e r e would be g e n e r a l l y accepted economic a s p i r a t i o n s . The d e c i s i o n s *Numbers i n parentheses d e s i g n a t e References a t end of paper.
It might b e f u r t h e r noted that i n keeping and a c t i o n s required t o achieve such a s p i r at i o n s then become d e f i n a b l e . These a s p i r at i o n s must be defined broadly i n consonance with a v a l u e system which g e n e r a l e n t l y is considered t o be r e p r e s e n t a t i v e of human welfare. Furthermore, t h e c o n s t r a i n t s on such a s p i r a t i o n s can r e a d i l y b e determined by c o n s i d e r a t i o n of t h e physical l i m i t s on resources needed t o s a t i s f y t h e economic cond i t i o n s which w e r e f o r e c a s t .
Of course i t is r e a d i l y recognized t h a t t h e d e t a i l e d c h a r a c t e r i s t i c s of t h i s long term f u t u r e economy can vary widely.
i n which component systems such as t h e a i r l i n e t r a n s p o r t a t i o n system w i l l be i n t e r -r e l a t e d with t h e economy may evolve i n any number of ways. f o r e c a s t i n g t o o l .
What w i l l r e s u l t is a somewhat fuzzy pict u r e of t h e s t a t e of the p a r t i c u l a r system df i n t e r e s t i n some long run f u t u r e along with a p r e c i s e measure of what t h a t system i s today. The a s p i r a t i o n of a d e s i r a b l e f u t u r e , coupled with t h e s c e n a r i o , together would provide a set of exogenous v a r i a b l e s which a r e i n p u t s a s well a s c o n s t r a i n t s on t h e a c t u a l system of concern, i.e. t h e t r a n s p o r t a t i o n system.
i n terms o f t h e s e t of endogenous v a r i a b l e s which have been modeled t o demonstrate t h e a c t u a l o p e r a t i o n . a b l e p r e d i c t i o n of t h e f u t u r e a i r transportat i o n system o p e r a t i o n may be made.
be emphasized t h a t t h e r e i s a s e l f f u l f i l l i n g aspect of such a p r e d i c t i o n . i n t h e f a c e of an unknowable f u t u r e t h e only reasonable s t a r t i n g point properly should be a broad statement of p r e s e n t l y perceived long run f u t u r e d e s i r e s i n order t o i d e n t i f y t h e a c t i o n s needed now t o take a f i r s t s t e p i n t h e d i r e c t i o n needed t o reach t h e a s p i r a t i o n .
THE ASPIRATION FRAMEWORK
1977), (2), a long term p r e d i c t i o n of t h e a i r t r a n s p o r t i n d u s t r y was based on 5 s c e n a r i o s describing f u t u r e developments of t h e U.S.
economy. These f i v e s c e n a r i o s were e s s e n t i a l l y a b s t r a c t e d from f o u r s c e n a r i o s of t h e f u t u r e depicted by t h e Hudson I n s t i t u t e p l u s one which we added. The Hudson I n s t i t u t e s c e n a r i o s Also t h e way Thus, w r i t i n g s c e n a r i o s a l s o is a u s e f u l W e may d e s c r i b e t h e a i r t r a n s p o r t f u t u r e By t h i s procedure a reasonIt w i l l be recognized and perhaps should Nevertheless, I n a preliminary study (English, e t a 1
Rr
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Fig. 3 Problem of P r e d i c t i o n
ranged from a v e r y p e s s i m i s t i c f u t u r e , ( 3 ) , based on "A Limit t o Growth," viewpoint, ext e n s i o n of t h e p a s t U.S. experience a t about t h e same r a t e of 3.4% as h a s been i n e x i s t e n c e , t o a v e r y o p t i m i s t i c growth r a t e . The intermediate Hudson I n s t i t u t e scenarios w e r e essent i a l l y p r o j e c t i o n s of GNP growth a t d i f f e r e n t growth rates. I "Energy Future," 1979 contends t h a t such a l i n k a g e i s weak and t h a t energy consumption without a n a t t e n d a n t r e d u c t i o n i n GNP. Nevert h e l e s s , t h i s is moot and t h e i n t e r r u p t e d growth s c e n a r i o was considered when w r i t t e n i n 1976, t o b e a t l e a s t a s l i k e l y a s a moderate growth scenario,"
The i n t r o d u c t i o n of t h e a s p i r a t i o n approach made i t r e a s o n a b l e t o encompass t h e f u t u r e economic environment w i t h i n t h e t h r e e s c e n a r i o s of slow growth, i n t e r r u p t e d growth and moderate growth. 
t i m i s t i c case and t h e " L i m i t s t o Growth," c a s e a s t h e most p e s s i m i s t i c case were n o t considered worth e x p l o r i n g i n g r e a t e r d e p t h . Neither o f t h e s e c a s e s could r e s u l t i n important changes i n NASA R&D p o l i c y . There would b e no problem f o r t h e f i r s t extreme, and d i s a s t e r i n t h e second.
The study group acknowledged
*Over t h r e e y e a r s has e l a p s e d s i n c e t h e w r i t i n g of t h e i n t e r r u p t e d growth s c e n a r i o s and i n many ways t h e economy is showing s i g n s of following t,hat s c e n a r i o . Current p r o j e c ti o n s of v a r i o u s econometric models are i n d ic a t i n g a r e c e s s i o n i n 1980 from which, w h i l e expecting recovery i n 1981, t h e economy is n o t expected soon t o e x h i b i t any v i g o r o u s resurgence. A i r t r a n s p o r t a t i o n may have received a s e p a r a t e s p e c i f i c impulse a s a r e s u l t of d e r e g u l a t i o n i n 1978. A s a r e s u l t t h e i n c i p i e n t d e c l i n e i n t h a t i n d u s t r y may have been masked u n t i l now.
The essence of t h e median s c e n a r i o s are summarized as follows:
I. SOCIALLY CONSTRAINED GROWTH-2%
-Decoupling of Energy/GNP Linkage -Conservation Option Emphasized -Major Changes i n L i f e S t y l e s -Economic Growth Below Historical Norms -S i g n i f i c a n t Change i n T r a n s p o r t a t i o n Modes 11. -UNINTERRUPTED GROWTH-3.4% -Historical Growth P a t t e r n Continues i n -No Major Changes i n Economic S t r u c t u r e -Energy/GNP R a t i o Declines Slowly -A i r T r a n s p o r t a t i o n Continues t o Grow F a s t e r t h a n GNP -Business as Ususal 
-Resumed Growth w i t h Q u i t e D i f f e r e n t F u t u r e 111.-INTERRUPTED GROWTH systems Component Growth P a t t e r n
The UCLA work is c o n t i n u i n g i n o r d e r t o r e f i n e a r e a s o n a b l e a s p i r a t i o n w i t h i n t h e s e v a r i o u s economic f u t u r e s , f i f t y y e a r s hence.
3.
THE FUTURE A I R TRANSPORTATION TECHNCLOGY
is t o assess t h e level of t o t a l f u e l demand, any improvements i n o v e r a l l f u e l consumption w i l l depend on p o s s i b i l i t y of improvement i n o p e r a t i n g e f f i c i e n c y .
I n t u r n , because of a changing mix of c o s t f a c t o r s of a i r l i n e o p e r a t i o n s , b o t h t r a v e l demand and f u e l demand w i l l be a f f e c t e d by e f f i c i e n c y . Therefore, i n o r d e r t o e s t a b l i s h a v i a t i o n technology as a n exogenous v a r i a b l e f o r t h e a i r t r a n s p o r t a t i o n
model, t o b e d i s c u s s e d i n s e c t i o n 4, ..., i t was necessary t o p r o j e c t p o s s i b l e t e c h n i c a l changes i n new a i r c r a f t and engines.
Improvements which may b e expected to reduce f u e l requirements p e r seat m i l e of capac i t y may be of two types: a) Basic t e c h n o l o g i c a l improvements b) Operational induced d e s i g n changes t h i n g s as i n c r e a s e d engine performance due t o higher o p e r a t i n g temperatures. improved a i r p l a n e performance due t o a v a i l a b i l i t y of b e t t e r materials, s t r u c t u r a l concepts, a c t i v e c o n t r o l s , boundary l a y e r c o n t r o l and t h e l i k e , I n many cases t h e f e a s i b i l i t y of d e s i g n improvements a r e n o t dependent on break-throughs i n new technology.
The d e s i g n p r i n c i p l e s may have been e s t a b l i s h e d long ago, b u t the economic j u s t i f i c a t i o n f o r i n t r o d u c i n g them now d e r i v e s from t h e changing r a t i o of f u e l c o s t to o t h e r o p e r a t i n g costs. Because t h e prime o b j e c t i v e of t h e s t u d y The f i r s t of t h e s e w i l l b e due t o such
The second category w i l l evolve from t h e response of operators t o such things as t h e changing value systems of t h e t r a v e l i n g public. The trade-off between f a r e and such amenities as seat density, a i r p l a n e s i z e , speed and so f o r t h , w i l l lead t o evolutionary changes i n a i r c r a f t design.
.
THE A I R TRANSPORTATION MODEL fundamental d i f f i c u l t y i n devising any model i s t o s t r i k e a proper balance between representing t h e system i n too g r e a t d e t a i l on the one hand and oversimplifying on the o t h e r . The degree of complexity should be no g r e a t e r than t h a t needed t o afford t h e desired precision of prediction of various measures of performance under given hypothesized inputs.
t r a n s p o r t , i n general, t h e s i g n i f i c a n t inputs derive from t h e socio-economic environment. A s pointed out above the r e l a t i v e d e s c r i p t i o n of the environment i s obtained from a postulat i o n of a long run socio-economic a s p i r a t i o n which is recognized as r e a l i z a b l e . Given such an environment described i n t h e broadest sense, the s p e c i f i c inputs i n t o a i r t r a n s p o r t a t i o n may then be determined by means of scenarios. Thus, as depicted i n Fig. 2 one can work from t h i s somewhat cloudy p i c t u r e of t h e environment t o a more d e t a i l e d depiction of t h e desired system--air transportation.
The j u s t i f i c a t i o n f o r t h i s i n d i r e c t modeling must be t h a t it a f f o r d s an a b i l i t y t o f o r e c a s t
as w e l l a s a g r e a t e r c r e d i b i l i t y of t h e forecast, a s compared with a d i r e c t extrapolation of f u t u r e a i r t r a n s p o r t a t i o n from h i s t o r i c a l data . An important f u r t h e r j u s t i f i c a t i o n i s t h a t t h e use of t h e model under a wide v a r i e t y of changes i n input v a r i a b l e s , as w e l l as of model parameters, w i l l provide b e t t e r i n s i g h t s i n t o t h e underlying processes governing a i r transportation demand and hence of f u e l requirements.
modeling starts from a q u i t e d i f f e r e n t perspective than t h a t of an individual a i r l i n e company. The a i r l i n e company perspective necessarily is oriented towards a much s h o r t e r range viewpoint. and d e t a i l e d because company o b j e c t i v e s are directed to t h e decision process of buying a p a r t i c u l a r a i r c r a f t type today.
I n keeping with t h e o v e r a l l industry view 1I.AVIATION FUEL MODEL t o p r o j e c t a v i a t i o n f u e l s p e c i f i c a t i o n , a v a i l a b i l i t y , andprice of f u t u r e a v i a t i o n f u e l . f i n e r y model, developed by Gordian Associates, w a s o r i g i n a l l y thought might be used. However, it requires some modification t o be u t i l i z e d . 1 1 TECHNOLOGICAL ADVANCEMENT I N NEW AIRCRAFT t o project changes i n engine and a i r frame developments. This is being investigated but probably w i l l not be computerized. of technological changes may b e s t be l e f t a s exogenous imputs .
i n t e g r a l component of the a i r t r a n s p o r t a t i o n model. Work is presently proceeding on t h i s and should provide refinements f o r t h e operat i o n of t h e model. Presently t h e load f a c t o r and u t i l i z a t i o n v a r i a b l e s remain exogenous inputs specified i n t h e scenarios.
The Model Core the mutual i n t e r a c t i o n of t h e operators and the public response t o t h e inputs from socioeconomic environment. The major d i f f e r e n c e between t h i s model and o t h e r s used widely by the industry i s i t s macro nature. Other models generally represent only segments of t h e industry f o r example, cargo, passengers, trunk l i n e s , o r l o c a l s e r v i c e l i n e s . In such models demand f o r the p a r t i c u l a r s e c t o r is t h e only endogenous v a r i a b l e . Such v a r i a b l e s a s f a r e and investment a r e t r e a t e d exogenously. Finally, t h e a i r transport system i s t r e a t e d dynamically with feedbacks within i t s e l f , a s well as with t h e socio-economic environment.
The Digraph Approach a p r o j e c t i v e model is e s s e n t i a l l y an e x p l i c i t expression of 'cause' and ' e f f e c t ' r e l a t i o n s h i p among a s e t A r e p r e s e n t a t i v e reDirect assessments
IV.
FACTOR AND UTILIZATION t o provide a n The a i r t r a n s p o r t industry represented by of v a r i a b l e s . r e l a t i o n s h i p and by assuming t h e f u t u r e c o u r s e i n t h e change of c a u s e s , one can make p r o j e ct i o n s of t h e system response. I n c o n s t r u c t i n g such a model, graph theory and i n p a r t i c u l a r , digraph theory--the t h e o r y of d i r e c t e d graphs--have a n a t u r a l a p p e a l .
A digraph i s a c o l l e c t i o n of nodes and arrows symbolize t h e r e l a t i o n s h i p between v a r i a b l e s . C o n s t r u c t i o n of digraph models r e q u i r e i d e n t i f i c a t i o n o f v a r i a b l e s and d e t e r m i n a t i o n of r e l a t i o n s h i p s among v a r i a b l e s . The e s t a b l i s h e d r e l a t i o n s h i p s , then are represented by a cross-impact m a t r i x . T h i s i s t h e e s s e n t i a l element of a p u l s e p r o c e s s by which f u t u r e v a l u e s f o r endogenous v a r i a b l e s of t h e system are p r o j e c t e d (7,8) .
The c h o i c e of major v a r i a b l e s of t h e a i r t r a n s p o r t a t i o n system is based p r i m a r i l y on judgement a i d e d by s t a t i s t i c a l a n a l y s i s .
A s a n i l l u s t r a t i o n and w i t h r e f e r e n c e t o Figure 6 , ... each v a r i a b l e , may b e a c o n s t a n t , a t i m e v a r i a b l e , or a l i n e a r or non-linear f u n c t i o n o f one o r more v a r i a b l e s of t h e system. I f i t can b e demonstrated t h a t c e r t a i n w ' s are c o n s t a n t s then they may b e determined from r e l i a b l e h i s t o r i c a l d a t a . The s t r u c t u r e of t h e model and t h e r e l a t i o n s h i p s between v a r i a b l e s w a s found by examining a l a r g e number of hypoBy knowing t h e s e c a u s e / e f f e c t t h e s e s . nodes.
simulation.
of t h e system, demand, f a r e and investment are 
